Abstract 21
The world's oceans are acidifying and warming due to increasing amounts of atmospheric CO 2 . 22
Thermal tolerance of fish much depends on the cardiovascular ability to supply the tissues with 23 oxygen. The heart itself is highly dependent on oxygen and heart mitochondria thus might play a key 24 role in shaping an organism's tolerance to temperature. The present study aimed to investigate the 25 effects of acute and chronic warming on respiratory capacities of European sea bass (Dicentrarchus 26 labrax L.) heart mitochondria. We hypothesized that acute warming would impair mitochondrial 27 respiratory capacities, but be compensated after long-term. Increasing PCO 2 may cause intracellular 28 changes, likely further constricting cellular energy metabolism. 29
We found increased leak respiration rates in acutely warmed heart mitochondria of cold-conditioned 30 fish in comparison to measurements at their rearing temperature, suggesting a lower aerobic 31 capacity to synthesize ATP. However, thermal acclimation led to increased mitochondrial 32 functionality, e.g. higher RCR o in heart mitochondria of warm-conditioned compared to cold-33 conditioned fish. Exposure to high PCO 2 synergistically amplified the effects of acute and long-term 34
warming, but did not result in changes by itself. We explained the high ability to maintain 35 mitochondrial function under OA with the fact that seabass are moving between various 36 environmental conditions. Improved mitochondrial capacities after warm conditioning could be due 37 Germany, Weilheim, Germany) and salinity (WTW LF325, Xylem Analytics Germany, Weilheim, 239
Germany) were measured once a week together with total alkalinity, from juvenile stage onwards, 240 see all water parameters in Table 1 . 241
Mitochondrial respirometry 242
Measurements of mitochondrial respiratory capacities were done from approx. 3700 to 4100 dd in all 243 conditions (183-199 dph and 234-249 dph in warm and cold life condition respectively). Although the 244 same age in degree days was chosen, the cold-acclimated fish were significantly smaller than the 245 warm-acclimated fish (length: 8.72±0.09 cm and 9.59±0.09 mm, lsmeans ± se, p<0.001, respectively 246 and carcass weight: 10.00±0.45 g and 13.38±0.46 g, respectively, lsmeans ± se, p<0.001, LME), 247 resulting in smaller ventricle sizes (0.0105±0.0004 g and 0.0122±0.005 g, respectively, p<0.05, 248 lsmeans ± se, LME), as well as lower hepatosomatic indices(1.51±0.05 and 2.45±0.06 , respectively, 249 lsmeans ± se, p<0.0001, LME). However, condition factor was not different in the two temperature 250 conditions (1.51±0.01 and 1.48±0.01, respectively, lsmeans ± se, p>0.1, LME), see further Table S4 . 251 PCO 2 did not have an effect on fish size. Prior to the experiments, the fish were starved for two days. 252
Two batches of eight fish each were processed per day. Juveniles were randomly caught from their 253 tank and anesthetized with MS-222. The concentration of the anesthetic was adjusted to reach a loss 254 of equilibrium within less than 5 minutes, typically 0.2 g l -1
. Weight, fork length and body length were 255 directly determined with a precision balance (Mettler, Columbus, Ohio, USA) and a caliper, to the 256 next 0.01 g and 0.01 mm, respectively. Afterwards fish were killed by a cut through the neck, and the 257 heart was completely dissected from the fish followed by excavation of the ventricle. Excess blood 258 was removed from the ventricle by cleaning it on blotting paper, prior to weighing (Sartorius, 259
Göttingen, Germany). The whole ventricle was used for respiration measurements. The ventricle was 260 then stored in relaxing and biopsy preservation solution BIOPS (10 mM Ca-EGTA (0.1 µM freecalcium), 20 mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCl 2 , 5.77 mM 262 ATP, 15 mM phosphocreatine, pH 7.1 modified after Gnaiger, et al., 2000)) until all eight ventricles 263 were dissected. The ventricles were then manually frayed and were permeabilized on ice with 264 saponin (50 µg ml -1 ) for 20 min on a shaking table (80 rpm), followed by two cleaning steps for 265 10 min at 80 rpm in modified mitochondrial respiration medium MiR05 (160 mM sucrose, 60 mM K-266 lactobionate, 20 mM taurine, 20 mM HEPES, 10 mM KH 2 PO 4 , 3 mM MgCl 2 , 0.5 mM EGTA, 1 g l -1 267 bovine albumin serum (fatty acid free), pH 7.45 at 15°C, modified after Fasching, et al., 2014). During 268 the permeabilization step, the livers and the carcasses of the fish were weighed to calculate 269 hepatosomatic index (HSI) and condition factor (K), see Table S4 . 270
Mitochondrial respiration of the permeabilized heart fibers was measured using four Oroboros 271
Oxygraph-2K respirometers with DatLab 6 software (Oroboros Instruments, Innsbruck, Austria). respiratory data were fitted to linear mixed effect models (LME, "lme" function of "nlme" package, 307 (Pinheiro, et al., 2017) ). Acclimation and assay temperature, as well as PCO 2 concentrations and their 308 interactions were included as fixed effects. Due to the significantly different sizes of the fish, fish 309 weight was also included as fixed effect, whereas the oxygraph chamber and the number of the run 310 at that day were included as random effects. In case of heterogeneity of data, variance structures 311 were included in the random part of the model; the best variance structure was chosen according to 312 linear mixed effect models, posthoc Tukey tests were performed with the "lsmeans" function 317 ("lsmeans" package, Lenth, 2016). Significance for all statistical tests was set at p < 0.05. All graphs 318 are produced from the lsmeans-data with the "ggplot2" package (Wickham, 2016) . All data are 319
shown as lsmeans ± s.e.m.. Biometrical data were also tested with LME models, with PCO 2 , 320 acclimation and assay temperature as fixed effects and origin tank as random effect. Model 321 validation was done as described for mitochondrial respiratory data. 322
Results 323
Acclimation and assay temperature had effects on a number of the investigated capacities of 324 mitochondrial complexes and properties. On the other hand PCO 2 was only significant in interaction 325 with acclimation or assay temperature, not as a factor itself. Fish mass only had significant effects on 326 RCR o and CIV respiration rates. Additionally, in some of the other investigated mitochondrial 327 complexes and properties trends with fish mass were visible. F-values and significance of the fixed 328 effects from the LME models on the different mitochondrial oxygen consumption rates and their 329 ratios to OXPHOS respiration are presented in Table 3 . 330
Effects of acute in vitro warming on mitochondrial function in cold-conditioned fish 331
Acute warming of heart muscle fibers of cold-conditioned fish led to slightly but not significantly 332 increased respiration rates. OXPHOS (Figure 1 ), OXPHOS-CI ( Figure 2 ) and OXPHOS-CII (Figure 3 ) 333 respiration rates tended to increase with acute warming, however, this was only significant for 334 OXPHOS-CII in the Δ1000 group (LME, p <0.05). The relative contributions of CI and CII to OXPHOS 335 respiration did not differ between conditions (CI-fraction: 53.4±3.3 -61.1±3.3 %, Figure S1 and CII-336 fraction: 38.8±3.3 -46.5±3.3 %, Figure S2 ). 337
In CIV, the increase in respiration in response to acute warming was more pronounced, and 338 significant in both hypercapnia groups (LME, Δ500: p<0.05 and Δ1000: p<0.05) but not in fish at 339 ambient PCO 2 ( Figure 4 ). As OXPHOS and CIV respiration rates were affected similarly, CIV capacities 340 did not change with acute warming ( Figure S3 ). 341
The increase of state 4 o respiration rates with acute warming was significant in the A and Δ1000 342 treatments (LME, p<0.05 and p<0.01, respectively; Figure 5 ). Although OXPHOS and state 4 o 343 respiration rates seemed to be affected similarly by acute warming, the increase in respiration rates 344 was more pronounced in state 4 o than in OXPHOS, resulting in significant effects of assay and 345 acclimation temperature on state 4 o -fraction (Table 3) . Despite these significances in the LME model, 346 no significant differences were visible in the posthoc results ( Figure S4 ). However, as no effect of 347 PCO 2 alone or in interaction with acclimation or assay temperature was detected by the model, we 348 pooled data over PCO 2 treatments (Table 4) , which emphasized that acute warming lead to impaired 349 mitochondria in the cold-conditioned fish, indicated by a significantly higher state 4 o -fraction in warm 350 compared to cold assay temperature (LME, p<0.05). 351
Effects of acute in vitro cooling on mitochondrial function in warm-conditioned fish 352
In mitochondria of the warm-conditioned fish no general pattern with acute cooling in vitro could be 353 observed. Significant differences were only found in the Δ1000 treatment, were acute cooling led to 354 significantly decreased OXPHOS and OXPHOS-CII respiration rates (LME, p<0.01, Figure 1 also not affected by acute cooling and remained stable over all conditions.
Effects of long-term acclimation to warmer temperatures on mitochondrial function 360
Acclimation to warmer temperatures lead to decreased respiration rates in permeabilized heart 361 fibers. This was significant for OXPHOS respiration rates in the A and Δ1000 treatments at cold assay 362 temperature (Figure 1 , LME, p<0.001 and p<0.01, respectively), as well as in OXPHOS-CI in A ( Figure  363 2, LME, both assay temperatures: p<0.01) and Δ1000 (LME, cold assay temperature, p<0.05). 364
Consequently, as both were affected similarly, no significant effect of acclimation temperature on CI-365 fraction was found. 366
In contrast, OXPHOS-CII was not significantly different in permeabilized heart fibers of warm and 367 cold-conditioned fish. Although the LME model showed a significant interaction between acclimation 368 temperature and PCO 2 for CII-fraction, see Table 3 , the posthoc test did not reveal any significant 369 differences between individual treatments. Even when pooled over assay temperatures, no 370 significant differences were found (data not shown). 371 CIV respiration rates as well as CIV capacities did not differ between warm-and cold-conditioned 372 juveniles. In general, CIV capacities were 1.5 to 2 times higher than OXPHOS capacities, see Figure S3 . 373
State 4 o respiration rates were decreased in warm-conditioned fish compared to cold-conditioned 374 fish, although only significant in A ( Figure 5 , LME, p<0.01 and p<0.0001 for cold and warm assay 375 temperatures, respectively) and in Δ500 fish (LME, p<0.0001 for warm assay temperature). When 376 compared at their respective incubation temperatures, no significant differences between the 377 temperature acclimation conditions could be observed. 378
Although the pattern of changes with life conditioning to warmer temperatures was similar in 379 OXPHOS and state 4 o respiration rates, these changes were much more pronounced in state 4 o 380 respiration rates, resulting in significantly decreased state 4 o -fraction in warm-conditioned fish, see 381 Table 3 and Table 4 . Even though acclimation temperature was significant in the LME model no 382 significant differences were visible in the posthoc results ( Figure S4 ). The data pooled over PCO 2 383 treatments show that at warm assay temperature, the cold-conditioned fish have a significantly 384 higher state 4 o -fraction then the warm-conditioned fish at warm assay temperature (LME, p<0.05). 385
However, no significant difference was observed between the two acclimation temperatures if 386 compared at the respective acclimation temperature or at cold assay temperature (Table 4) . 387
During our experiments, mitochondria were well coupled in all treatments (RCR o > 4), with 388 significantly higher RCR o in warm-conditioned fish than in cold-conditioned fish (LME, 9.43±1.38 and 389 6.46±1.33 respectively, p<0.05). There were no significant effects of assay temperature, PCO 2 or any 390 interaction terms on RCR o (Table 3) .
Effects of acclimation to different PCO 2 on mitochondrial function 392
Elevated PCO 2 alone did not have significant effect on any of the studied complexes and processes of 393 the electron transport chain (Table 3) . However, we found synergistic effects with temperature 394 which became visible as interaction effects with acclimation or assay temperature only in the Δ500 or 395 Δ1000 fish, as specified above. 396
Discussion 397
Mitochondrial functional capacities were examined in seabass juveniles raised in six combinations of 398 three PCO 2 and two temperature treatments. The data provide evidence that heart mitochondria of 399 juvenile seabass are highly impaired by acute warming, as e.g. observed in increased state 4 o 400 respiration rates. On the other hand, acclimation to warmer temperatures increased mitochondrial 401 capacities in warm-conditioned fish in comparison to cold-conditioned fish, as seen through 402 increased RCR o . OA did not severely affect mitochondrial functioning in juvenile seabass, indicated by 403 no significant effects of PCO 2 alone on mitochondrial capacities. However, OA intensified the effects 404 of acute or long-term warming. This was most prominent in the high acidification warm life condition 405 treatment, e.g. OXPHOS respiration rates were only significantly affected by acute temperature 406 change in the W-Δ1000 fish. We observed the same effect in OXPHOS-CII (decrease due to acute 407 cooling in W-Δ1000 fish), therefore the decrease in OXPHOS respiration rates during acute cooling 408 were probably due to the decrease of OXPHOS-CII. CI, CIV and RCR o were not affected by PCO 2 . This 409 observation reflects the findings of previous studies in polar fish, where thermal effects on 410 mitochondrial capacities were much more prominent than those of OA (e.g. Leo, et al., 2017; Strobel, 411 et al., 2013). However, the reduced capacities of CII to cope with acute temperature changes in the 412 W-Δ1000 fish is in agreement with other studies which found that CII was inhibited by elevated PCO 2 413 in mammals and fish (Simpson, 1967 However, Iftikar and Hickey (2013) showed in hearts of New Zealand triple fin fishes that 439 compromised mitochondria at acutely elevated temperature will ultimately lead to heart failure. 440
Consequently, as acute warming of only 5°C impaired mitochondria of the cold-conditioned fish, we 441 could conclude from our findings that cold-conditioned juvenile seabass might not be able to cope 442 with large acute temperature changes due to heart failure. This reduced tolerance to acute 443 temperature increase in the cold-conditioned fish seems to contradict the fact that European seabass much below the critical thermal maxima. Furthermore, they support our conclusion that cold-455 conditioned juvenile sea bass might not be able to cope with large acute temperature changes, as 456 they would suffer from heart failure at relatively low temperatures. stages experience mainly temperatures between 6 and 18°C (Russel, et al., 1996) . Therefore, the 482 temperature range we used for incubating the larvae in the cold life condition was slightly above the 483 natural temperature regime of seabass larvae from the chosen distribution area. in brown trout lower food intake and failure to grow was correlated to high state 4 o respiration rates 501 of liver and muscle mitochondria and lower mitochondrial coupling in muscle mitochondria (Salin, et 502 al., 2016) . In other words, individuals with more efficient oxidative phosphorylation tend to grow 503 better than those with less efficient mitochondria. Our study reflects these findings, the warm-504 conditioned juveniles showed higher RCR o and lower OXPHOS respiration rates, while being 505 significantly bigger than the cold-conditioned fish, even when compared at equal age in degree days. 506
In our study, CIV or cytochrome c oxidase (CCO) activities were not affected by life condition 507 temperature. In the literature, contrasting results of CCO activities in European seabass can be 508 found: Nathanailides et al. (2010) observed increased CCO activities with decreasing seasonal 509 acclimation temperature, while Trigari et al. (1992) found decreased CCO activities with decreasing 510 seasonal acclimation. As terminal electron acceptor of the electron transport system, CCO is 511 important in aerobic respiration and was found to be the controlling site of mitochondrial respiration 512 and ATP synthesis (Villani & Attardi, 2001; Gnaiger, 2009; 2012; Kadenbach, et al., 2010) . CCO 513 generally displays excess capacities, especially in heart tissue (Gnaiger, et al., 1998) . In our study, CIV 514 had excess capacities 1.5-2 fold higher than OXPHOS respiration rates in all treatments; therefore CIV 515 is not limiting the capacities of juvenile seabass mitochondria. Excess capacities of 1.5-2 are within 516 the scope found for other fish species e.g. in New Zealand triplefin fish (1.5-3.2, Hilton, et al., 2010), 517
New Zealand wrasse (1.8-2.7, Iftikar, et al., 2015), in brown trout (1.9-2.6, and 518
Northern killifish (1.5-2.2, Chung, et al., 2017). 519
Conclusion 520
Although we used specimens originating from a northern population of seabass for this study, the 521 results altogether indicate that the mitochondrial metabolism still supports temperatures as found in 522
Mediterranean specimens. Consequently, juvenile seabass in the North Atlantic might benefit fromincreased temperatures. They also possess (within the limits of this study) high capacities to cope 524 with OA, although they are less pronounced under OAW. The results of this study indicate that 525 juvenile European seabass will be able to survive in an acidifying and warming ocean, however, there 526 are further bottlenecks that may constrict their survival in a future climate. Firstly other life stages, 527 especially egg and larval stages might be more vulnerable to temperature changes and increased 528 PCO 2 and secondly, other important traits, such as behavior or reproductive capacities and 529 phenology might be affected differently by OAW. Consequently other traits and life stages will be 530 analyzed during further studies. 531
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Different letters indicate significant differences (LME, p<0.05); blue -cold life condition (C), orange -warm life condition 786 (W), light color -cold assay temperature, dark color -warm assay temperature, A -Ambient PCO 2 , 500 -ambient + 500 787 µatm CO 2 , 1000 -ambient + 1000 µatm CO 2 ; n=11-18. 
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